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MGUT, 114
SO(10) unified gauge theory, 114
SU (5) unified gauge theory, 114
νMSM model, 25
σ8, 331
�C, 91
�k , 64
�M, 91
�R, 64
�γ , 91
��, 64
3H β-decay, 45

CNB detection, 356
4He abundance analytic result, 167
4He mass fraction Yp , 168
163Ho electron capture and CNB, 358
alm coefficients for photon temperature anisotropy,

220
knr , 246
n/p ratio decoupling temperature, 170
3He+ spin flip transition, 177
PArthENoPE BBN code, 180

active–sterile neutrino oscillations, 160
adiabatic initial conditions, 210, 243
amplitude of primordial spectrum of perturbations,

232
angular distance, 70
anisotropic stress or pressure, 203, 208, 243, 251, 266,

343
anomaly in chiral gauge theories, 116
antimatter in the universe, 107
appearance experiments, 35
atmospheric neutrinos, 37

baryon acoustic oscillation, 268
baryon acoustic oscillations BAO, 289
baryon drag term, 285
baryon number violation in GUT theories, 115
baryon-to-photon density ηB, 90, 108
baryon-to-photon ratio R, 206

BBN bounds on right-handed gauge bosons, 192
BBN equations, 169
BBN nuclear network, 173
BBN numerical codes, 168
Bjorken variable, 11
blue compact galaxies, 178
Boltzmann equation

collisional, 73
collisionless, 72
perturbed, 205, 238, 240

bound on reheating temperature from BBN, 185
bounds on neutrino–scalar particle interactions,

344

Cabibbo angle, 8
Cavendish torsion-balance, 350
charge conjugation, 19
charge exchange processes, 173
charged-current interaction, 5
chemical equilibrium condition, 76
Chern–Simons numbers, 117
Christoffel symbols, 57
CKM matrix, 8
cluster mass function, 331
CMB lensing, 327
CMB measurement of 4He mass fraction, 179
CMB polarization modes, 234
coincidence problem, 93
cold relics, 72
collisional integral, 73
colour, 2
comoving coordinates, 55
comoving curvature perturbation, 212
comoving momentum, 58
comoving particle horizon, 66
conformal time, 56
continuity equation

baryons, 206
dark matter, 207

cosmic shear, 332
cosmic variance, 221
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cosmological bounds on neutrino nonstandard
interactions, 191

cosmological constant, 60
CP symmetry, 110
CP violation, 112
CP violation in the Standard Model, 9
CPT theorem, 110
critical density, 64

today, 64
current–current weak interactions, 10
CVC hypothesis, 15

dark energy, 94
dark matter linear growing mode, 277
deceleration parameter, 65
decoherence term, 151
decoupling condition, 72
deuterium binding energy, 166
deuterium bottleneck, 167
deuterium capture, 173
diffusion length, 215, 229
Dirac mass, 16
disappearance experiments, 35
distribution function, 61
Dodelson–Widrow model, 164, 314, 345
Doppler term in CMB anisotropies, 226
drag depth, 285
dwarf irregular galaxies, 178

early integrated Sachs–Wolfe effect, 229
effective number of neutrino species Neff

bounds from BBN, 184
bounds from CMB, 269
bounds from LSS, 339
definition, 103
effect of neutrino chemical potential, 155
effect of neutrino distribution distortion, 142
effects on structure formation, 290

Einstein–de Sitter cosmology, 69
electroweak gauge bosons, 4
entropy relativistic degrees of freedom gs , 82
equation of state, 60
equilibrium distributions, 76
equivalence wavenumber keq, 279, 284
Euler equation

baryons, 206
dark matter, 207

Fermi constant, 10
finite-temperature radiative corrections, 173
free-streaming

horizon, 244, 246, 247
scale, 244, 246, 247

Friedmann equation, 63
FRW metric, 55

gauge boson propagators, 9
gauge choice for perturbed metrics, 201

gauge symmetry, 2
Gell-Mann–Nishijima relation, 3
geodesic equation, 57, 202
Grand Unified Theories (GUT), 114

baryogenesis, 115

Higgs vacuum expectation value, 6
Homestake experiment, 16
hot relics, 72
Hubble

constant, 59
law, 59
parameter, 63

imperfect fluid, 251
inelasticity parameter, 11
inflaton quantum perturbations, 86
instantaneous decoupling limit, 72

neutrinos, 100
photons, 95

instanton, 118
integrated Sachs–Wolfe effect, 227

early, 229, 232
late, 230, 232

irreducible representation, 2
isocurvature initial conditions, 210, 240

neutrino density mode, 241
neutrino velocity mode, 241

Jarlskog invariant, 9, 112
Jeans length, 244

Kurie function, 45

last scattering surface
neutrino, 100, 359
photon, 95

left–right symmetric GUT models, 115
lensing potential, 327
lepton number, 18
lepton number parameters ηνα , 154
leptoquark gauge bosons, 114
light-to-mass bias parameter, 329
line-of-sight integral, 223
linear growth factor, 309
linear power spectrum, 274
Liouville operator, 72
luminosity distance, 67
Lyman alpha forest, 334

Majorana mass, 18
majoron model, 191
Mandelstam variable, 11
matter–radiation equality point, 91
MaVaN model, 344
Mészáros equation, 280
metallicity and BBN, 175
MSW effect, 34
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N -body simulation
particle mesh method, 318
tree method, 318

N-body simulations
massive neutrinos, 321
warm dark matter, 323

neutral-current interaction, 5
neutrino (pseudo)scalar interactions, 191
neutrino capture processes, 354
neutrino charge radius, 190
neutrino decoupling, 135
neutrino decoupling temperature, 99

using kinetic equation, 100
neutrino density matrix, 146

evolution equation, 146
neutrino distribution distortion

analytic estimate, 137
flavour oscillation effects, 154
numerical results, 140

neutrino drag effect, 261
neutrino effective potential

charged current, 31
neutral current, 31
second-order contribution, 144
self-interactions, 147

neutrino effective viscosity speed cvis, 252
neutrino electric dipole moment, 190
neutrino electromagnetic form factors, 189
neutrino flavour polarization vector

effective magnetic field, 149
equation of motion, 149

neutrino fraction fν , 274
neutrino magnetic dipole moment, 190
neutrino mass from β-decays, 43
neutrino mass splitting and power spectrum, 307
neutrino nonstandard interactions, 50
neutrino nonrelativistic transition redshift znr , 245
neutrino number density today, 103
neutrino oscillations, 26
neutrino refraction index, 32, 351

in a polarized medium, 351
neutrino velocity dispersion (thermal velocity),

246
neutrino wavelength today, 350
neutrino–dark matter interaction constraints, 344
neutrino–nucleon coherent scattering, 350
neutrinoless double β decay, 46
neutrinoless universe, 192
neutron captures, 173
neutron lifetime, 16, 171
neutron–proton mass difference, 167
Newton gauge, 201
nonlinear matter power spectrum, 317
nucleon weak rates, 12, 170

Born limit, 16, 171
finite-nucleon-mass corrections, 172
finite-temperature radiative corrections, 171
radiative corrections, 171

optical depth, 223
out-of-equilibrium decay scenario, 115, 121

PCAC hypothesis, 15
photon

diffusion length, 216
temperature perturbation �γ , 204

physical momentum, 58
Planck mass, 60
plasmon decay into neutrinos, 190
PMNS mixing matrix, 17
Poisson equation, 207, 273
power spectrum, 211

of matter, 273
primordial, 213

proton and neutron stripping, 173
proton decay, 114

QAS and primordial 2H measurement, 177
QED plasma corrections, 140

recombination, 95
redshift, 59

of equality, 256
of neutrino nonrelativistic transition, 245

redshift space distortion, 329
reduced cross section, 129
reheating stage after inflation, 87
reheating temperature TRH after particle decay,

125
reionization, 231
relative fluctuation of neutrino distribution, #ν , 239
relativistic degrees of freedom g∗, 87
relic abundance of massive particles, 89
repopulation function, 151
Ricci

scalar, 60
tensor, 60

Sachs–Wolfe
effect, 226
plateau, 228

Saha equation, 80
nuclear statistical equilibrium, 166
deuterium equilibrium abundance, 166
recombination, 96

Sakharov conditions, 109
scalar perturbations, 202
scalar tilt index ns , 213
scale-dependent growth factor and neutrino masses,

309
Silk damping, 229, 285
solar neutrinos, 37
sound horizon, 214
sound speed, 209, 213, 252, 266, 342
spatial curvature parameter, 55
specific entropy, 82

conservation of, 82
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sphaleron, 118
Spite plateau, 180
standard candle, 67
Standard Model, 2
sterile neutrinos

as warm dark matter candidates,
314

cosmological production mechanisms,
160

effects on BBN, 193
effects on CMB, 271
effects on large-scale structures, 340
Lyman alpha bounds, 346
X-ray observation bounds, 347

Stodolsky effect, 353
stress–energy tensor, 60

in terms of distribution function, 61
perfect fluid, 60
perturbations, 203

survival probability, 28

temperature perturbation monopole �γ 0, 204
time reversal, 110
transfer functions, 213
triangle anomaly, 115
triple-α process, 173
type Ia supernovae, 93

unitarity of S matrix, 75, 111

visibility function, 223

warm dark matter, 312, 323, 344
weak-current form factors, 14
weak hypercharge, 2
weak lensing, 332
WIMP, 90

Yukawa couplings, 4

Zel’dovich velocity, 319
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